Leishmania species are digenetic protozoa that alternately parasitize their sand fly vectors and mammalian macrophages. Parasites are deposited in the mammalian skin by infected sand flies and thereafter must interact with and overcome a variety of obstacles, including extracellular matrix (ECM) and basement membrane (BM) proteins, to establish infection within macrophage phagolysosomes (6) . The 63-kDa glycoprotein gp63 is a zinc-dependent metalloprotease found on the surface of the parasite that facilitates complement inactivation in serum (3) , interaction with the host macrophage (2, 10, 11) and intraphagolysosomal survival (8, 11) . Structural and biochemical similarities exist between gp63 and members of the matrix metalloproteases (4, 14) . The latter are important for enhancing the migration of some tumor cells through the ECM and BM, aiding in their metastasis (15, 16) .
To test the hypothesis that gp63 facilitates parasite migration through the ECM, we employed a commercial invasion system in which parasites are placed in a cell culture insert and assessed for their ability to pass through the insert's ECM (Matrigel)-impregnated 8-m-diameter pores (Becton Dickinson, Franklin Lakes, N.J.) (16) . An attenuated, gp63-deficient variant of Leishmania amazonensis (12) was transfected with the following plasmid constructs for use in this study: (i) pX, an episomal expression vector; (ii) pX-gp63, which expresses wildtype gp63; and (iii) pX-E265D, which expresses an equivalent level of a proteolytically inactive form of gp63 (12) . Stationaryphase promastigotes of each transfectant line were washed and suspended at a concentration of 10 8 cells ml Ϫ1 in Hanks buffered saline solution (Invitrogen, Carlsbad, Calif.). One milliliter of each parasite solution was applied to two cell culture inserts, one embedded with Matrigel and the other without Matrigel (control insert). At increasing times postinoculation, the numbers of parasites present in the lower wells were determined and the percentage of migration was calculated by dividing the number of parasites migrating through the inserts containing Matrigel by the number migrating through the control inserts. No differences were seen in the migrations of different transfectants across control inserts, with complete equilibration of parasite density achieved within 20 min.
Migration was assessed over a 48-h period (Fig. 1A) . Approximately 40% of the pX-gp63 promastigotes had migrated into the lower chamber at 12 h after inoculation, while only 7% of pX transfectants had migrated by this time. At 24 and 48 h after inoculation, the differences were even more pronounced, with 80 and nearly 100% of the pX-gp63 transfectants, respectively, having migrated across the Matrigel, compared with 22 and 40% of the pX transfectants, respectively.
Since zinc is an essential cofactor for gp63 activity (8), we performed the assay under zinc-abundant and zinc-depleted conditions (data not shown). Zinc chelation was performed by preincubation of parasites, and conduction of the assay, in a 25 mM concentration of the extracellular zinc chelator bathophenanthroline. This had no deleterious effect on parasite viability during the time course of the experiment. Upon zinc depletion, the capacity of the pX-gp63 transfectants to migrate across the matrix was diminished by 60%, implicating gp63 in the enhancement of ECM migration in vitro.
To further test the specificity of the involvement of gp63 in ECM migration, we assessed the migration capacity of the pX-E265D line, which produces the inactive form of gp63, and found that these parasites migrated through the ECM at approximately the same rate as did the pX transfectants. These results strongly suggest that gp63 is involved in the migration process. The fact that the pX and pX-E265D lines migrated across the Matrigel matrix could be explained to some extent by the fact that the attenuated, gp63-deficient variant of L. amazonensis used in the study possesses a very small amount of active gp63 that could contribute to ECM degradation (12) . In addition, other proteases or surface ligands present in all parasite stocks used could contribute to a basal capacity of parasites to migrate through ECM that may not directly involve gp63.
Our group recently reported that active gp63 is released from a wide variety of Leishmania species (13) . To test whether released gp63 could potentiate parasite migration through the ECM, we suspended pX promastigotes in the conditioned medium of the pX-gp63 line (pX-gp63 CM ) or that of the pX-E265D line (pX-E265D CM ) and then tested these parasites in the ECM migration assay (Fig. 1B) (13) . Addition of pXgp63 CM enhanced the migration of pX parasites across the Matrigel matrix, with the migration becoming significantly greater than that afforded by pX-E265D
CM by 24 h after inoculation. By 48 h, nearly as many pX and pX-gp63 CM cells had migrated across the matrix as had pX-gp63 cells alone. pX parasites either in Hanks buffered saline solution or resuspended in their own conditioned medium showed the same migration (data not shown). These results clearly demonstrate that active gp63 released from Leishmania species has the capacity to promote the migration of parasites through the ECM. They also suggest that the effects of surface gp63 and secreted gp63 are additive in this regard.
To correlate the ability of leishmanial gp63 to mediate ECM migration and its capacity to digest components of the ECM, we incubated approximately 10 g each of purified collagen type IV, fibronectin, and laminin with approximately 1 g of purified gp63 or 10 7 stationary-phase promastigotes that had been lightly fixed with glutaraldehyde (7, 12) (Fig. 2) . Controls consisted of reaction mixtures containing protein substrate in buffer alone or those in which gp63 was inactivated by preincubation in a 25 mM concentration of the zinc chelator orthophenanthroline. Substrate degradation was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by staining with Coomassie blue. The gp63 from either source was effective in digesting collagen type IV. The preparations of intact collagen contained subunits of various lengths that resembled a ladder of protein bands as seen by SDS-PAGE. After incubation with gp63, the ladder effect was lost, reflecting digestion of the proteins into smaller units that became a smear of smaller proteins of less than 15 kDa (not shown). Control incubations of collagen either in buffer alone or in zinc-depleted conditions showed the preservation of the intact ladder of collagen subunits. Fibronectin appeared as an intact molecule by SDS-PAGE but was similarly digested into smaller protein units when incubated with gp63 from either source. Under zinc-depleted conditions, gp63 did not degrade fibronectin. Interestingly, the patterns of digested fibronectin seen by SDS-PAGE were somewhat different depending on the source of gp63 used. Cell-associated gp63 appeared to digest fibronectin into larger subunits than did purified gp63. This is not unexpected when membrane-bound and soluble proteases are compared under different conditions. Laminin appeared to be resistant to digestion by gp63 since it remained intact as protein subunits, regardless of the conditions used for incubation.
We report here that Leishmania expressing high levels of active gp63 have enhanced capacity for migration through the ECM in vitro. This is further supported by the demonstration that gp63 can degrade ECM components. Since the ultimate goal of invading Leishmania is to become intracellular, we envision that enhanced migration at the site of inoculation may promote parasite binding to and phagocytosis by macrophages. In addition, migration through the ECM and BM may facilitate the access of parasites to the blood or lymph circulation for dissemination to distant sites (1, 9) where they may parasitize tissue macrophages. Additionally, attachment of Leishmania to native or degradation products of ECM proteins may also help facilitate parasite migration or host macrophage activation or migration (16) . Further study is necessary to determine the relevance of ECM degradation to the facilitation of parasite dermal migration in vivo. 
